This paper reports on some investigations of dosimetry, annealing, irradiation sequences, and radioactive sources, involved in the determination of radiation effects on MOS devices. Results show that agreement in the experimental and theoretical surface to average doses support the use of thermo-luminescent dosimeters (manganese activated calcium fluoride) in specifying the surface dose delivered to thin gate insulators of MOS devices. Annealing measurements indicate the existence of at least two energy levels, or activation energies, for recovery of soft oxide MOS devices after irradiation by electrons, protons, and gammas. Damage sensitivities of MOS devices were found to be independent of combinations and sequences of radiation type or energies. Comparison of various gamma sources indicated a small dependence of damage sensitivity on the Cobalt facility, but a more significant dependence in the case of the Cesium source. These results were attributed to differences in the spectral content of the several sources.
Introduction
When damage measurements are made on electronic devices at various Cobalt-60 gamma ray facilities, the devices are usually surrounded by sufficient material (mostly aluminum) to assure electronic equilibrium. The damage is then stated as a function of the (Cobalt-60) dose they have received. When the devices operate onboard spacecraft, it is found that they usually exceed their predicted lifetimes, which are normally based on their Cobalt-60 characterizations. The space environment contains principally protons and electrons. Previous work on the charge yields in MOS oxides irradiated by alpha particles, protons, and electronsl12'3 have indicated a possible reason for this discrepancy, showing that the charge yields are different for different particle types and energies. However, these measurements are not directly applicable because MOS capacitors were used in that work and they have been found to give results which do not correlate quantitatively with those obtained from inverters. 4 Recently, inverter measurements made on a set of well-characterized RCA CD4007 parts, all processed from a single wafer, have shown that damage in MOS devices depends strongly on the particle type, incident angle, energy, and on the operating conditions of the devices.5
During that study several issues concerning dosimetry, annealing, particle irradiation sequence, and radiation source effects were confronted and their impact on the principal objectives of the study were investigated. This paper reports on our findings from these investigations. 
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Dosimetry
In all tests to be discussed, the lids of the irradiated MOS devices were removed prior to exposure. Manganese activated calcium fluoride TLD dosimetry (CaF2 :Mn) was used for the electron and proton irradiations as described in reference (5). However, the particle doses were not uniform throughout the dosimeters or in the CMOS gate structure, but had a rather complex depth-dose profile.6'7 Great care was exercised to insure that this non-uniformity was properly accounted for by comparing responses of TLDs of 0.0254, 0.254, and 0.889 mm thicknesses (1, 10, and 35 mil, respectively) with theoretical and experimental depth-dose curves for electrons and theoretical curves for protons in CaF2 :Mn.
This was done because the luminescent readout from the TLD's did not correspond to the surface doses of the incident particles, but to the total energy deposited in the TLD, as they were slowed down in their transit through the dosimeter. The integral of this energy depends upon the dosimeter thickness and the energy of the incident primary particles. To obtain the MOS gate dielectric dose, the relationship between the TLD readout and the surface dose must be established.
Therefore, electron depth-dose profiles in manganese activated calcium fluoride were approximated by using data (range and stopping power) for aluminum and copper with appropriate weighting factors7, as illustrated in Figure 1 . These two elements bracket the effective atomic number and density of CaF2 :Mn. The resultant depth-dose curves were then integrated to determine the normalized average dose throughout the dosimeter. The ratio between the surface dose and this average dose was then calculated for each electron energy and TLD thickness combination. The results are shown in A similar set of theoretical depth-dose curves for protons in manganese activated calcium fluoride were also calculated using proton transport codes8, and the surface-to-average dose ratios were then determined for the various experimental proton energies. Figure 3 illustrates these curves. in column three and the similar values of Table la are repeated in column four for convenience of comparison. The agreement of the results of these two approaches was good. In addition to these checks, theoretical dose-depth curves for electrons in CaF2:Mn were calculated, as shown in Figure 2 , using theoretical electron transport codes.8 Surface-to-average dose ratios were then determined from the curves The electron and proton energy deposition profiles for CaF2 :Mn were obtained from Monte Carlo calculations. Electron transport models included angular and energy loss straggling. The continuous slowing down approximation was used for proton transport. Calculated data points (0.0254 mm = 1 mil layers) had one sigma standard deviations of -5% for electrons and less than 1% for protons. Figure 1 illustrated that the doses from mono-energetic electrons normally incident upon a semi-infinite surface rise from the surface dose value to a maximum value approximately 80% greater. This peak value then falls off to zero at a depth slightly greater than the maximum electron range in the material. The gate oxide is only 1 1O0A thick and covered by about 1 to 2 micrometers of aluminum and silicon dioxide; thus there were no significant discontinuities of atomic number (z) in this region of the structure. The doses in the gate dielectric should be equal to the surface doses.
The agreement between the experimental surface-to-average dose ratios, the theoretical values, and the experimental ratios from the TLD comparisons (see Table la and lb) provided confidence in the dosimetry of the damage equivalence experiment of reference (5) . Corrections to the electron damage sensitivities, AVTN/DOSE, were based on the experimental TLD comparisons. These data were judged as the best representative values of actual experimental conditions, as for example, accurate TLD composition and thickness.
The recovery characteristics at room temperature, illustrated by Figures 5 and 6 , show a dependence of annealing on radiation type during the early stages of recovery. It appears that for the late stage, the second or faster recovery rate occurred for all types of irradiated samples. There are evidently two distinct rates of recovery or time constants, namely, a slow rate followed by a faster recovery rate after the late stage. The work of reference (11) indicated that recovery of damage in inverter samples of the same type as involved in this study are governed by at least two activation energies. It is believed that the data of Figures 4, 5, and 6 can be explained as due to two defect levels and activation energies, as in reference (11) . The shallow energy level was responsible for the early stage of recovery whereas the deeper level was responsible for the later stage. It also appears from the data of Figure 5 , that the initial starting time for the second stage of recovery was different for the samples irradiated by protons of several energies compared to the samples irradiated by 1 MeV electrons and gammas, and both of these sample groups differed from the sample irradiated by electrons of several energies. These data seem to indicate a dependence of activation energy of this deeper defect level on type of radiation and energy, and thus, the slower recovery due to these deeper energy levels during the early stages, compared to the electron or gamma irradiated samples. The apparent dependence of recovery on irradiation particles does not have any other detailed explanation at this time. Another feature of the annealing data was the independence of the late stage of recovery on maintenance of bias during recovery. The samples of Figures 4 and 5 were maintained under bias (VG = VD = 5 Volts) for TA -2700 hours, then bias was removed and all leads shorted together. It can be seen in Figure 5 that the data points following the 2700 hours plotted on the same annealing curve as before. These results indicate that annealing is occurring without the help of bias induced electron injection from silicon to oxide.
The test device used in these experiments turned out to be a very sensitive and repeatable sensor for comparing the spectra of different radioactive sources. Previous work in the literature12 has indicated that the spectral content of gammas from a supposedly monoenergetic source can impact device characterization data due to scattering in the source and surroundings. Table 3 lists the results of a comparison study of several sources. The geometries of the sources were quite different. The NRL point source appears to have the simplest geometry and was expected to supply the hardest spectra. The Fort Monmouth source was an approximate point source and it was raised by air pressure in a steel pipe outside the container; however, 45.7 cm (1-1/2 feet) behind the pipe was a wall and a lead shield. It can be seen from Table 3 Results show that damage sensitivities of MOS devices were independent of combinations and sequences of particle types (electrons, protons, and gammas) or energies. There appear to be small differences in damage sensitivities measured with devices exposed to different Cobalt-60 facilities and larger differences when devices were exposed to a Cesium source. These differences can be due to variations in the spectral contents of the several sources.
